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1

AUTONOMOUS MOBILE BODY AND
CONTROL METHOD OF SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application 1s the U.S. national stage of PCT/
JP2010/069984, filed on Nov. 10, 2010, published as

WO02011/062094, which claims priority to Japanese priority

application number 2009-264574, filed on Nov. 20, 2009,
whose content 1s incorporated herein by reference in its
entirety.

TECHNICAL FIELD

The present invention relates to autonomous mobile bodies
such as robots and auto-guided vehicles, and to controlling
the movement thereof.

BACKGROUND ART

Mobile bodies such as robots that provide various services
in real environments where there are people such as offices
and factories are being developed, with development of such
robots being premised on the robots moving autonomously to
a destination while avoiding obstacles. Non-patent Literature
1 discloses an artificial potential field approach regarding
obstacle avoidance. According to this artificial potential field
approach, an attractive potential for the destination and repul-
stve potentials for obstacles to be avoided are generated, and
control 1s 1implemented according to the gradients of the
potential field on which these potentials are superimposed.
Traction motors are driven in accordance with this control,
and the mobile body arrives at its destination while avoiding
obstacles.

When avoiding obstacles, the mobile body desirably
avolds the obstacles smoothly without taking a long way
around. Obstacles occur 1n areas other than walls and pillars
such as passageways and the like through which the mobile
body 1s capable of passing, although those areas are not
always wide enough. In view of this, 1t 1s desirable that
obstacles are smoothly avoided, that 1s, that 1f there 1s a gap
through which the mobile body 1s able to pass by changing its
orientation, the mobile body will pass through even a narrow
gap and take smooth evasive action. However, since most
research to date has involved searching for a movement path
using models approximating a mobile body to a circle, no
consideration whatsoever has been given to changing the
orientation of the mobile body. In other words, with existing
techniques that approximate a mobile body to a circular
model, a circular model that completely contains the long side
of the mobile body 1s configured even if the mobile body 1s
clongated 1n plan view, and therefore a gap through which the
mobile body could pass 11 1t were to move forward with its
short side facing the front will be determined to be 1mpass-
able, resulting 1n the mobile body avoiding obstacles by tak-
ing a big detour.

CITATION LIST

Non-Patent Literature

Non-patent Literature 1: O. Khatib: “Real-Time Obstacle
Avoidance for Manipulators and Mobile Robots,” Interna-
tional Journal of Robotics Research, vol. 3, no. 1, pp. 90-98,

1986.

10

15

20

25

30

35

40

45

50

55

60

65

2
SUMMARY OF THE INVENTION

An object of the invention 1s to enable an autonomous
mobile body to avoid obstacles smoothly.

An autonomous mobile body of the invention 1s an autono-
mous mobile body having a major axis and a minor axis in
plan view, and configured to avoid an obstacle and move
autonomously to a goal, including;

a platform vehicle having a movement mechanism config-
ured to translate 1 a horizontal plane and rotate around a
vertical axis;

an obstacle sensor for outputting distance information indi-
cating a distance from the autonomous mobile body to an
obstacle for each of predetermined directional angles,

a model storage unit for storing an anisotropic model hav-
ing two arcs, one at each end 1n the major axis direction,
connected by line segments that lie 1n the major axis direc-
tion, and contaiming the autonomous mobile body; and

a drive unit for driving the movement mechanism with a
combination of translation and rotation, without interference
between the obstacle and the model, based on the distance
information output from the obstacle sensor and the anisotro-
pic model stored 1n the model storage unat.

A control method of an autonomous mobile body of the
invention 1s a method of controlling an autonomous mobile
body having a major axis and a minor axis in plan view to
avold an obstacle and move autonomously to a goal, the
mobile body having a movement mechanism configured to
translate 1n a horizontal plane and rotate around a vertical
axis, the method causing the mobile body to perform the steps
of:

deriving a distance to an obstacle for each of predetermined
directional angles using an obstacle sensor;

reading out an anisotropic model, stored 1n a model storage
unit, having two arcs, one at each end in the major axis
direction, connected by line segments that lie 1n the major
axis direction, and containing the autonomous mobile body;
and

driving the movement mechanism with a combination of
translation and rotation using a drive unit, without interter-
ence between the obstacle and the model, based on distance
information output from the obstacle sensor and the anisotro-
pic model stored in the model storage unit.

In the invention, an autonomous mobile body 1s treated as
an anisotropic model with anisotropy and having a major axis
and a minor axis, rather than being approximated with a
circular model. Using the anisotropic model of the invention,
the autonomous mobile body translates while changing its
orientation angle to avoid obstacles.

Preferably the autonomous mobile body includes a poten-
tial generator for generating a translational potential and a
rotational potential of the autonomous mobile body for avoid-
ing mterterence with the obstacle, based on the distance infor-
mation output from the obstacle sensor and the model stored
in the model storage unit.

With the nvention, obstacles are avoided using transla-
tional and rotational potentials by utilizing the degrees of
freedom of these potentials.

Also, preferably the obstacle sensor outputs the distance
information indicating the distance from the autonomous
mobile body to the obstacle for each directional angle at a
plurality of heights, and the model generation unit stores a
plurality of the models according to height. According to this
configuration, obstacles are easily avoided even if the surface
of the robot 1s not uniform in the height direction or the
surface of the obstacles change 1n the height direction.
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Preferably, the autonomous mobile body includes the plat-
form vehicle and an upper part supported by the platform
vehicle and having a movable part, and the model storage unit
changes the anisotropic model at the height corresponding to
the upper part, according to deformation of the upper part.
According to this configuration, obstacles are avoided even i
the shape, direction, orientation or the like of the upper part
changes.

Preferably, the movement mechanism has three or more
drive wheels each provided, on a perimeter thereof, with a
roller configured to rotate 1n a direction parallel to a wheel
axi1s, and the three or more drive wheels include a drive wheel
having a different wheel axis direction.

According to this configuration, the ornentation of the
mobile body 1s changed and obstacles are avoided even if the
gap 1s small, because the mobile body translates and rotates 1n
arbitrary directions with a zero turning radius.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a side view of an autonomous mobile robot
according to an embodiment.

FIG. 2 1s a bottom view of the autonomous mobile robot
according to the embodiment.

FIG. 3 1s a block diagram showing a movement control
system 1n the autonomous mobile robot according to the
embodiment.

FIG. 4 1s a block diagram of a motion controller shown 1n
FIG. 4.

FIG. 5 1s a plan view 1illustrating a capsule case model and
angles for PMF generation 1n the embodiment.

FIG. 6 1s a view showing a relation between a capsule case
and traction wheels of the robot according to the embodiment.

FI1G. 7 1s a flowchart showing a translational motion control
algorithm 1n the embodiment.

FI1G. 8 1s a flowchart showing a rotational motion control
algorithm 1n the embodiment.

FI1G. 9 15 a flowchart showing incorporation of height into
a PMF 1n the embodiment.

FIG. 10 1s a flowchart showing mcorporation Of factors
such as arm extension/retraction mto a PMF 1n the embodi-
ment.

FIG. 11 1s a view showing an exemplary obstacle PMF for
translation.

FIG. 12 1s a view showing an exemplary goal PMF for
translation.

FIG. 13 1s a view showing an exemplary combined
obstacle-goal PMF for translation.

FIG. 14 1s a view showing an exemplary combined
obstacle-goal PMF for rotation.

FIG. 15 1s a view showing the trajectory of a robot 1n the
embodiment.

FIG. 16 1s a view showing transition of the directional
angle of a robot 1n the embodiment.

FIG. 17 1s a view showing trajectory of a robot 1n a con-
ventional example.

FIG. 18 1s a view showing the trajectory of a robot in the
embodiment when an interval between obstacles has been
narrowed so that the robot cannot pass.

FIG. 19 1s a view showing transition of the directional
angle of a robot 1n the embodiment when an interval between
obstacles has been narrowed so that the robot cannot pass.

FI1G. 20 15 a plan view showing a variation of the capsule
case model.

FIG. 21 1s a plan view showing a second variation of the
capsule case model.
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FIG. 22 1s a plan view showing a third vanation of the
capsule case model.

DETAILED DESCRIPTION OF THE INVENTION

Heremaiter an optimal embodiment for carrying out the
present invention will be described. The scope of the mnven-
tion shall be determined according to the understanding of a
person skilled 1n the art based on the description of the claims
in consideration of the description of the specification and
techniques known 1n this technical field.

FIGS. 1 to 22 show an autonomous mobile robot 10 and
control thereof according to an embodiment. Referring to
FIG. 1, the robot 10 includes a platform vehicle 13 provided
with an omni-directional movement mechanism, with the
platiorm vehicle 13 supporting an upper part 12 serving as an
upper body. The upper part 12 1s provided with a pair of, for
example, laser range finders 14, each of which 1s attached at
a different height. A stereoscopic device such as a stereo
camera, light sources and cameras for space coding, or the
like may be provided instead of the laser range finders 14.
With the above configuration, the robot 10 acquires, at a
number of heights, information indicating the distance
between the robot and obstacles for each of predetermined
directional angles, and outputs the distance information. The
robot 10 may recognize its current position and orientation by
being equipped with GPS or the like (not shown), or may
alternatively recognize 1ts current position and orientation in
accordance with information indicating the distance to a pas-
sage wall or the like sensed by the laser range finders 14, a
stereoscopic device or the like and an environmental map
prepared in advance. The upper part 12 includes a controller
15 and working arms 16. Note that the upper part 12 may be
configured to rotate around a vertical axis relative to the
platform vehicle 13.

The omni-directional movement mechanism of the plat-
form vehicle 13 according to the embodiment 1s provided
with four ommni-directional wheels 21 that are disposed at 90
degree intervals in the circumierential direction, and four
motors 22 that drive the omni-directional wheels 21. Note that
the platform vehicle 13 may be configured with three or six
sets of omni-directional wheels 21 and motors 22. Reference
numeral 23 denotes a wheel drive unit, with the wheel drive
unmit 23 being provided with support frames 24 and the motors
22 fixed to the support frames 24, and the support frames 24
being fixed to the platform vehicle 13 by brackets 25. The
platform vehicle 13 moves freely in the X and Y directions,
and rotates freely around the vertical axis. Note that while the
type ol omni-directional movement mechanism 1s arbitrary,
in the embodiment the omni-directional movement mecha-
nism 1s required to translate and rotate 1n arbitrary directions
with a substantially zero turning radius. Heremafter, the
omni-directional movement mechanism 1s described.

The motors 22 are each provided with a housing 26, and an
output axis 27 of each motor 22 projects outward from the
support frame 24 and rotates the omni-directional wheel 21.
The omni-directional wheels 21 are disposed such that rota-
tion axes (wheel axes) thereof are at an angle of 45 or 135
degrees to a front surface 11 of the robot 10. As shown 1n
FIGS. 2 and 6, the robot 10, 1n plan view, has a substantially
rectangular shape, with width W along the front surface 11
being greater than length L.

The omni-directional wheels 21 are each provided with a
drive wheel 31 driven by the output axis 27 of the motor 22,
and a plurality of free rollers 32 annularly disposed along the
perimeter of the drive wheel 31. The outer periphery of one of
the plurality of free rollers 32 1s always in contact with the
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floor, and the rotation axis lines of the free rollers 32 are
perpendicular to the rotation axis line of the drive wheel.
When the motor 22 rotates the drive wheel, a driving force 1s
transterred to the floor by the free rollers 32. Also, because the
freerollers 32 are freely rotatable centered on the rotation axis
line, the omni-directional wheel 21 1s also able to move 1n a
direction parallel to the rotation axis of the drive wheel. Note
that metal balls or the like may be used instead of the free
rollers 32.

The movement controller 15 according to the embodiment
1s shown 1n FIG. 3. Reference numeral 34 denotes a main
controller, which consists of a CPU, a ROM, a RAM and the
like. Reference numeral 35 denotes an input unit, and an
operator inputs a goal of the robot 10, various parameters of
the anisotropic model (capsule case model) discussed later,
maximum and minimum translational velocities of the robot
10, maximum and mimmimum angular velocities of the robot
10, and the like, via the mnput unit 35. Reference numeral 36
denotes a map storage unit, which stores an environmental
map of the environment in which the robot 10 can move.
Reference numeral 37 denotes a path generator, which gen-
crates a movement path to the destination with reference to
the environmental map. Reference numeral 40 denotes a
motion controller, which generates translational control com-
mands and rotational control commands, and outputs these
control commands as velocity commands (individual veloc-
ity commands) to each of the motors 22 in FIG. 2.

FIG. 4 shows a conceptual block diagram of the motion
controller 40, which recerves mput of distance imnformation
for each directional angle from sensors such as the laser range
finders 14, and, based on the distance information, acquires
information relating to the directional angle at which the front
surtace of the robot 1s oriented as well as the robot’s current
position, and information relating to obstacles in the vicinity
thereol. Relocatable obstacles such as desks and cabinets and
moving obstacles such as people (heremnatter, collectively
referred to as temporary obstacles), excluding preexisting,
obstacles such as walls and pillars, are generally not indicated
on environmental maps, and the first time that the robot 10
will be able to recognize where temporary obstacles are
located 1n 1ts movement environment such as a passageway 1s
when distance information 1s input from a sensor. Reference
numeral 41 denotes a data processor, which includes an envi-
ronmental data processor 42 for processing environmental
data relating to obstacles, destinations and the like, and an
own data processor 43 for processing own data relating to the
robot’s own condition such as 1ts current position, orientation,
velocity and so on, with the own data processor 43 generating,
a capsule case model discussed below from 1nput parameters
and storing the generated capsule case model.

As discussed later, because a capsule case model can be
defined by three parameters C_, C, and C,, these parameters
are stored or the capsule case model itself 1s stored. Also,
when taking into consideration the fact that the shape of the
autonomous mobile body differs in the height direction and
the shape of obstacles differs in the height direction, a plural-
ity of sets of parameters are stored according to height, and a
plurality of capsule case models are output and stored. Fur-
thermore, 1n the case where the shape of the upper body of the
autonomous mobile body differs from the platform vehicle or
legs, the above parameters change according to height, and
the capsule case model for the upper body changes.

Referring to FIG. 4, a translational motion controller 44
and a rotational motion controller 45 are provided 1n parallel
downstream of the data processor 41, and controls from these
controllers are integrated by a driving command generator 48,
and used to control the velocity of the motors 22. The trans-
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lational motion controller 44 and the rotational motion con-
troller 45 generate potential membership functions (PMFs)
for translational motion control and potential membership
functions (PMFs) for rotational motion control, according to
information including the position and size of obstacles and
the like, the destination, and the robot’s own current position
and orientation stored in the data processor 41. Note that
PMFs are generated for each obstacle and destination, and
combined 1n fuzzy processors 46 and 47.

Based on the combined potential membership function
(PMF), translational orientation and translational velocity are
decided with the fuzzy processor 46, and data indicating how
much to change the orientation of the platform vehicle 13, or
in other words, rotational direction and angular velocity are
decided with the tuzzy processor 47. The translational orien-
tation and velocity and the direction and angular velocity of
rotation of the platform vehicle are thereby determined, and
this data 1s converted by the driving command generator 48
into controls on the four motors.

The shape of a robot 1s, generally speaking, not uniform 1n
the height direction according to 1its design and function.
Furthermore, the shape of a robot changes temporally due to
the arms projecting from the upper part, as well as factors
such as the upper part of the robot turning relative to the
plattorm vehicle and the arms extending or retracting.
Obstacles are also not necessarily uniform 1n the height direc-
tion. In view of this, a plurality of potential membership
functions (PMFs) preferably are prepared according to
height.

A capsule case model for a robot 1s shown in FIGS. 5 and
6. A capsule case 50 1s formed by connecting both ends of a
pair of line segments arranged in parallel at an opposing
distance 2C_ with semicircles of radius C_. P, and P, are the
centers of the semicircles, P, 1s the center of the platform
vehicle, and C, and C,, are the distances from the center of the
platform vehicle to the points P, and P,. Normally C,=C,, 1s
set, but C, and C, may also differ according to variation in the
shape of the robot 10 due to factors such as the arms extending
or retracting. C_ 1s slightly larger than one half of the depth
length of the robot, for example, but may increase beyond 1ts
normal value due to factors such as the arms extending or
retracting or a wagon being towed. In FIG. 5, for example, an
obstacle O (whose center 1s Q) 1s approximated with a circle
in which the obstacle 1s completely contained, and the radius
of the obstacle 1s r_. A safe distance d. 1s a parameter that 1s
introduced 1n order to maintain a distance between the robot
10 and the obstacle and ensure safety.

. 1 FIG. 5 1s the direction of the obstacle relative to the
front surface of the platform vehicle when the obstacle is
viewed from the center of the platform vehicle. 1, 1s the angle
formed by a line segment passing through the center P, 1n
parallel to a line segment connecting P, and O, and a line
segment connecting P, and O,. 1y, 1s the angle formed by a
line segment passing through the center P, 1n parallel to a line
segment connecting P, and O, and the line segment connect-
ing P, and O,. ;. 1s the angle formed by the line segment
passing through the center P, 1n parallel to the line segment
connecting P, and O,, and a line segment passing through the
center P, in parallel to a line segment tangent to both a circular
arc centered on P, and the safety circle of the obstacle. 1. 1s
the angle formed by the line segment passing through the
center P, 1n parallel to the line segment connecting P, and O,
and a line segment passing through the center P in parallel to
a line segment tangent to both a circular arc centered on P,
and the safety circle of the obstacle. Furthermore, vy_ . 1n FIG.
6 1s the translational direction angle of the platform vehicle
from the frontal direction of the platform vehicle.
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The capsule case 50 will be described here. As shown 1n
FIG. 6, the capsule case 50 1s a graphic that completely
contains the robot 10, and 1s formed by arcs at both ends and
line segments connecting the arcs. The capsule case 50 has a
major axis and a minor axis, and corresponds to an area
occupied by a robot with anisotropy 1n plan view. With the
capsule case 50, the robot’s longitudinal direction 1s repre-
sented by line segments, and movement of the robot 1s repre-
sented by movement of these line segments. Both ends of the
line segments are connected with semicircles 1n order to leave
degrees of freedom to rotate at arbitrary positions that the
robot may find itself 1n.

FIGS. 7 to 10 show control of the robot. An algorithm for
translational motion control 1s shown 1n FIG. 7, with the
distance to an obstacle being measured for each directional
angle at Step 1. When the distance from the robot to an
obstacle 1s measured with the directional angle as a variable,
the surface of the obstacle visible from the robot 10 can be
approximated to a circle, a wall, a cube or the like. In the case
of a circle, the safe distance d. 1s determined as shown 1n FIG.
5, and 1n the case of a wall, the safe distance d_ 1s determined
for only the front of the wall. In the case of a cube, the safe
distance d_ 1s determined parallel to the sides, and the area
around the vertices 1s approximated with a circular arc of
radius d.. A potential membership function (PMF) for the
obstacle 1s created at Step 2, based on the distance from the
robot to the obstacle and the robot’s orientation relative to the
obstacle. At Step 3, a PMF 1for the destination (goal) 1s cre-
ated, based on the distance from the robot to the goal and the
robot’s orientation. Note that a goal as referred to here 1s a
concept that includes not only the destination at which the
robot 10 1s to finally arrive, but also places (sub-goals) along
the path that the robot 10 1s to take.

The PMF {for the obstacle and PMF for the goal are com-
bined at Step 4, and in the case of there being a plurality of
obstacles, all the PMFs for the plurality of obstacles are
combined with the PMF for the goal. When combining PMFs,
PMF values on the low side are employed for each directional
angle, for example. Note that 1n this specification, a high
translational potential means a stable state with low repul-
sion, and the robot translates in the direction at which the
PMF 1s maximized. Also, the velocity of the robot 1s restricted
using the PME, with a velocity between the maximum and
mimmum velocities being taken, and the velocity increasing
the higher the PMF. A translational velocity v 1s given by
v=Avxi+v, . . where the mimmimum velocity 1s 0, for example,
Av 1s the difference between the maximum velocity v, _and
the minimum velocity v, ., 11s the PMF value, and the value
of 11s 1 a range of 0 to 1 inclusive. When these values have
been derived, the robot decides the translational direction so
as to avoid the obstacle and decelerates near the obstacle
(Step 5).

Rotational motion control 1s shown in FIG. 8, with data
relating to the distance to the obstacle and the orientation of
the robot relative to the obstacle having already been acquired
at Steps 1 and 2 of FIG. 7. At Step 11 of FIG. 8, a rotational
PMF 1s created, based on the distance from the robot to the
obstacle at each directional angle, and the orientation (frontal
direction) of the robot, similarly to Step 3 of FIG. 7. The
rotational PMF shows how the repulsion (potential value)
from the obstacle changes depending on the direction 1n
which the robot 1s facing. At Step 12, a PMF for the goal 1s
created, and assuming that it 1s desirable for the robot to be
facing the front when 1t arrives at the goal, for example, the
PMF 1s lowest at the orientation at which the goal is 1n front
of the robot, and increases the further the robot 1s displaced
from this orientation. Moreover, it needs to be kept 1n mind
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that interpretation of PMF values 1s reversed for translation
and rotation. The PMF for the obstacle and the PMF for the
goal are combined at Step 13, and 1n the case of there being a
plurality of obstacles, all the PMFs for the plurality of
obstacles are combined with the PMF for the goal. The robot
rotates at an angular velocity 1n accordance with the PMF to
an orientation at which the PMF 1s minimized (Step 14). An
angular velocity m 1s given by o=Awx(1-1)+w_ . , where the
minimum angular velocity o . 1s O, for example, Am 1s the
difference between the maximum angular velocity o_ . and
minimum velocity o

_ .. 11s the PMF value, and the value of
15 1n a range of O to 1 inclusive.

Height processing 1s shown in FI1G. 9, this being processing,
for when the surface of the obstacle 1s not uniform in the
height direction, or when the surface of the robot 1s not
uniform 1n the height direction. For example, the laser range
finders 14 are provided at a plurality of heights 1n FI1G. 1, and
a PMF for each height 1s thereby generated (Step 21). The
plurality of PMFs are then combined to form a single PMF,
similarly to the combining of PMFs 1n FIG. 7 and FIG. 8, for
example, or the plurality of PMFs according to height are left
as they are.

FIG. 10 shows processing of the influence of factors such
as the arms extending or retracting. When the robot extends or
retracts an arm, 1nclines the upper part, or the like, the capsule
case model to be applied 1s changed accordingly. The capsule
case model 1s changed by changing the parameters C_, C, and
C,, and because PMFs are generated 1n real-time each time,
PMFs only have to be generated based on the new capsule
case model. As a result of the processing in FIGS. 9 and 10,
the robot can efficiently avoid obstacles even if the orientation
of the robot 1s changed, the surface of the robot 1s not uniform
in the height direction or obstacles are not uniform 1n the
height direction. Furthermore, i the case where the robot
tows a wagon, 1t 1s favorable to change the orientation of the
major axis and the minor axis as viewed from the front surface
of the robot, and change the parameters C_, C, and C,, for
example.

FIGS. 11 to 13 show exemplary PMF's for translation when
the obstacle and the robot 10 are 1n the positional relationship
shown 1n FI1G. 5. FIG. 11 shows a PMF for the obstacle, with
the vertical axis showing priority that indicates desirability as
a translational direction, and the horizontal axis representing
translational direction angle. The robot moves forward while
facing the front at directional angle 0. A parameter “a” takes
avalue between O and 1, with a being 0 11 there 1s no influence
from the obstacle, and approaching 1 as the influence of the
obstacle increases, and the valley 1n the middle of FIG. 11
deepening as a result. The valley slopes vertically in FIG. 11
but may slope more gently. The variable “a” 1s defined as
shown 1n equation (1) when a distance||r,. || of the obstacle to
the center of the robot falls below a radius . Here, D 1s

defined by equation (2) using the parameters C_, r_ and d_ of
FIG. 5:

a=(a-|r,, H|)/(a-D) if |, |l<a; (1)

D=C 47 +d..

o o 5"

(2)

As mentioned above, at positions that are not influenced by
the obstacle, the priority u, of the vertical axis 1s 1, and at
positions that are influenced by the obstacle, the priority pu_
talls by “a” at directional angles that are atfected. In FIG. 11,
the robot 1s mtluenced by the obstacle at the valley 1n the
middle, and moves forward on either side of the valley.

FIG. 12 shows a PMF for the goal, with the PMF value
being fixed at 1 11 the robot 1s beyond a certain distance from
the goal, which indicates that there 1s no influence from the
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goal. When the robot moves within a range that 1s affected by
the goal, the priority at a desirable orientation 1}, relative to
the goal will be g_, which 1s the maximum value 1, for
example, and the priority at an undesirable orientation will be
a small value g,. It 1s arbitrary whether the robot approaches
the goal along a path generated by the path generator, using
the PMF for the goal as a short distance field, or whether the

robot 1s guided to the goal at intermediate positions along the
path, using the PMF for the goal as a long distance field.
The PMF 1n FIG. 13 1s obtained when a plurality of PMFs

are combined so as to extract values on the low side. The
direction at which the value of the combined PMF 1s maxi-
mized 1s a convenient direction for the robot, and translational
velocity 1s determined by the priority of that directional angle.
That 1s, the permitted velocity 1s high 11 the priority 1s high,
and the velocity decreases when the priority 1s low. In the case
of FIG. 13, the robot translationally moves at a directional
angle 1 _ . at a velocity substantially equal to the highest
velocity.

FI1G. 14 shows a PMF {for rotation. While the robot will
move forward 1n the direction of the highest PMF 1n the PMF
for translation, 1n the case of rotation the robot 1s oriented 1n
the direction at which the PMF 1s minimized. This 1s a con-
vention relating to PMFs. Let the PMF for the obstaclebe ),
and the PMF relating to the orientation of the robot be p .
Then, let the difference therebetween be u_’, with this being
the combined PMF relating to the obstacle. 11" shows orien-
tations at which the influence of the obstacle increases as seen
from the robot, with p " being generated based on distance
data obtained from a distance measurement sensor such as an
ultrasonic sensor or a laser range finder, and obtained by
dividing the distance from the center of the robot to the
obstacle 1n all directions by the maximum distance used 1n
measurement by the distance measurement sensor. 1L, shows
orientations in which the robot 1s likely to be affected by the
obstacle when facing in that direction, and, specifically, 1s
obtained by dividing the length from the central point P, of
the capsule case to the outer contour thereof by the maximum
distance used 1n measurement by the distance measurement
sensor. Letthe PMF forthe goal bep,”. Theresult of choosing
the smaller of p,” and p,” 1s the solid line 1n FI1G. 14, with this
being the combined PMF. As such, this PMF 1s smoothed, for
example, with the orientation in which the PMF 1s minimized
being an orientation of rotation 1 _. ., and the angular velocity
ol rotation being higher the lower the priority at __ . and
lower the higher the priority at_, ..

Even though an amount of translational motion control and
an amount of rotational motion control are obtained, the
omni-directional movement mechanism does not execute
translation and rotation separately. The amount of transla-
tional motion control (direction and velocity of translation),
and the amount of rotational motion control (orientation and
angular velocity of rotation) are combined in the driving
command generator, and used to control the motors. With
regard to translation, let the absolute velocity be v_ . the
direction be_ ., and the angular velocity be w. Translational
velocity along the x-axis 1s given by v.’=v__-cos \_ . and
translational velocity along the y-axis 1s given by v /=v__-sin
wﬂur‘

Target velocities (controls) v,”, v,”, v, “and v,” of the four
drive wheels are given by equations (3) to (6) when constants

R and 0 are defined as shown in FIG. 6:

O LT

v,“'=cos 0'v,7+sin 0'v,”+R-w;

(3)
(4)

v5"=cos O v, —sin Ov, -R-;

(3)

vy=-cos 0'v,”—sin Ov’+R-w;

LA

v, =—cos O'v. +sin Ov, -K .

(6)
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FIGS. 15 to 19 show simulation results for the robot 10,
with the task being to pass through a gap between obstacles
and arrive at a destination. In FIG. 15, the robot has a width
W=1.0 m and a length L=0.4 m, and 1s contained within a
capsule case having parameters C =0.3 m, C,=0.3 m and
C,=0.3 m. The obstacles are circles of radius 0.3 m, and
simulation 1s performed one two-dimensional plane. r_and d.
are both 0.3 m, and theretore D=0.9 m. v___and v__. are
respectively 0.5 m/s and 0.0 m/s, and w, _and o, . are
respectively 1.0 rad/s and 0.0 rad/s. Here, obstacles of radius

0.3 m were disposed at points (4.0m, 2.0m), (4.0m, —-1.4 m),
(4.0m, 1.0m), (4.0m, 1.6 m) and (4.0m 2.2 m), as shown 1n

FIG. 15. In this environment, the robot was moved to a point

(11.0 m, 2.0 m) from a starting point (0.0 m, -2.0 m).

A trajectory (FI1G. 17) of a conventional method that avoids
the obstacles when the robot 1s assumed to be a circle of radius
0.6 m will be compared with a trajectory (FIG. 15) of the
robot in the embodiment. Note that the position of the robot
was plotted at one second intervals. In the case where evasive
action was taken assuming the robot to be a single circle, the
robot could not pass between the points (4.0 m, —1.4 m) and
(4.0 m, 1.0 m), and arrtved at the goal after avoiding the
obstacles by taking the long way around, as shown in F1G. 17.
In contrast, in the embodiment, the robot passed between
obstacles while maintaiming a distance from the respective
obstacles and arrived at the goal, by changing the directional
angle 1n real-time, as shown 1n FIG. 15. The arrival time was
42.2 s for the conventional example in which the robot was
viewed as a circle, compared with 31.8 s for the embodiment.
The history of orientation angles (directional angles of the
front surface of the robot from the x direction) of the robot
according to the embodiment i1s shown 1n FIG. 16.

To simulate a situation 1n which the robot according to the
embodiment 1s not able to pass while maintaining a distance
d=0.3 m from the obstacles whatever its orientation,
obstacles were disposed at points (4.0 m, -2.0 m), (4.0 m,
-1.4m),(4.0m,04m),(4.0m,1.0m)and (4.0m, 1.6 m). As
shown 1n FI1G. 18, the robot autonomously judged that 1t could
not pass and took the long way around to the goal, without
trying to force a path through the gap between the obstacles.
The history of orientation angles 1n this case 1s shown 1n FIG.
19.

The meaning of the capsule case model will be reiterated
with reference to FIGS. 20 to 22. In FIG. 20, a capsule case 62
1s provided 1n relation to an autonomous mobile robot 60, the
capsule case having circular arcs 63 and 64 at both ends 1n the
major axis direction of the robot 60, and the centers P, and P,
of the circular arcs being at the left and right edges of the robot
60.

An autonomous mobile robot 70 1n FIG. 21 1s larger on the
right side than the leit side 1n plan view, with a capsule case 72
being deformed accordingly such that the circular arc on the
right side has a larger radius than the circular arc on left side.
With a capsule case 74 in F1G. 22, the circular arcs 75 and 76
are centered within the robot 60. These are all capsule cases.
The following etfects are obtained 1n the embodiment.

1) The robot 1s treated as a body with anisotropy and having
a major axis and a minor axis, rather than being approxi-
mated with a circle or a point. With regard to the relation-
ship with an obstacle, potentials are generated for each
directional angle, and because the robot has rotational
degrees of freedom 1n addition to translational degrees of
freedom, potentials are generated for both translation and
rotation. Amounts of translational and rotational motion
control are generated based on the respective potentials,
and obstacles are avoided when the movement mechanism
1s driven based on these amounts of control. For example,
in the case where there 1s no way through whichever direc-

tion it translates, the robot decelerates or stops, while rotat-
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ing at the same time to avoid the obstacle. Accordingly, the
robot1s able to pass through small gaps and smoothly avoid
obstacles.

2) Potential membership functions according to a fuzzy
potential method are generated comparatively easily, and
are suited to real-time processing.

3) A control amount generator decides a translational velocity
between a prescribed highest translational velocity and a
prescribed lowest translational velocity, and decides an
angular velocity between a prescribed highest angular
velocity and a prescribed lowest angular velocity, based on
values of the potential membership functions. Thus, the
translational velocity and angular velocity are easily
decided, and, moreover, the robot avoids obstacles care-
fully by decelerating so as to avoid interference with the
obstacles.

4) Potential membership functions for translation and rota-
tion are generated for each of a plurality of obstacles,
together with generating a potential membership function
for guiding an autonomous robot to a destination, and these
potential membership functions are combined. Accord-
ingly, interterence with a plurality of obstacles 1s avoided
and the robot 1s guided to a destination with a single poten-
tial membership function each for translation and rotation.

5) Potential membership functions are easily combined, by

deriving the highest value and lowest value of the potential

membership functions for each directional angle.

6) Respective amounts of translational and rotational motion
control are easily generated by disregarding interaction
between translation and rotation. If the robot then has
trouble translating, 1t decelerates or stops, and rotates to get
away. IT 1t does not need to rotate, the robot only translates.
Movement equivalent to coordinating translation and rota-
tion 1s thus realized.

7) The amount of translational motion control and the amount
of rotational motion control are summed to combine the
amounts of control. This facilitates driving of the move-
ment mechanism.

8) The platform vehicle according to the embodiment trans-
lates and rotates 1n arbitrary directions with a zero turning,
radius.

9) Rotational and translational degrees of freedom are both
maintained at arbitrary positions using a capsule case
model, and it 1s thus easy to change the robot’s orientation
while avoiding obstacles.

10) Even if'the surface of the robot 1s not uniform 1n the height
direction or the surface of obstacles changes in the height
direction, such situations can be handled by combiming
height-specific potential membership functions.

11) Even if the shape of the robot changes due to factors such
as a load that 1s being carried sticking out, an arm extending,
or retracting, or the robot tilting its upper part, the capsule
case model 1s changed 1n response.

Although the autonomous mobile robot 10 was given as an
example 1n the embodiment, the present invention can also be
implemented with a device such as an auto-guided vehicle
equipped with a slide fork, a scalar arm, a turntable or the like
that runs along the ground. Apart from a robot that moves on
wheels, the present mvention can be similarly implemented
with a robot having translational degrees of freedom in two
directions and rotational degrees of freedom, giving a total of
three or more degrees of freedom, such as a walking robot, a
machine tool or a conveying device.

DESCRIPTION OF REFERENCE NUMERALS

10 Autonomous mobile robot
11 Front surface

10

15

20

25

30

35

40

45

50

55

60

65

12

12 Upper part

13 Platform vehicle

14 Laser range finder

15 Movement controller

16 Arm

21 Omni-directional wheel

22 Motor

23 Wheel drive unit

24 Support frame

235 Bracket

26 Housing

277 Output axis

31 Drive wheel

32 Free roller

34 Main controller

35 Input unit

36 Map storage unit

3’7 Path generator

40 Motion controller

41 Data processor

42 Environment data processor

43 Own data processor

44 Translational motion controller

45 Rotational motion controller

46, 47 Fuzzy processor

48 Driving command generator

50 Capsule case

60, 70 Autonomous mobile robot

62,72, 74 Capsule case

63, 64 Circular arc

65, 66 Line segment

80, 82 Obstacle

PMF Potential membership function

W Width of platform vehicle

L. Length of platform vehicle

C_ 2 width of capsule case

C, Distance from center of platform vehicle to right end of
line segments of capsule case

C, Distance from center of platform vehicle to left end of
line segments of capsule case

Po Center of platform vehicle

P, and P, Endpoints of line segments of capsule case

r, Radius of obstacle

d. Safe distance

o Angular velocity

1 Directional angle

)., Direction of obstacle relative to front surtace of plat-
form vehicle

}_ _ Translational direction angle of platform vehicle

1, Difference in directional angles from endpoint P, and
center Po of platform vehicle to center of obstacle

), Difference 1n directional angles from endpoint P, and
center Po of platform vehicle to center of obstacle

The mvention claimed 1s:
1. An autonomous mobile body having a major axis and a
minor axis 1n plan view, and configured to avoid an obstacle
and move autonomously to a goal, comprising;:
a platform vehicle having a movement mechanism config-
ured to translate 1n a horizontal plane and rotate around
a vertical axis;

an obstacle sensor for outputting distance information indi-
cating a distance from the autonomous mobile body to
an obstacle for each of predetermined directional angles,

a data processor further comprising a model storage unit

for storing an amisotropic model having two arcs, one at
cach end 1n the major axis direction, connected by line



US 8,886,385 B2

13

segments that lie 1n the major axis direction, and con-
taining the autonomous mobile body; and

a motion controller further comprising a drive unit for

driving the movement mechanism with a combination of
translation and rotation, without interference between
the obstacle and the model, based on the distance infor-
mation output from the obstacle sensor and the aniso-
tropic model stored in the model storage unit.

2. The autonomous mobile body according to claim 1,
comprising a potential generator for generating a transla-
tional potential and a rotational potential of the autonomous
mobile body for avoiding interference with the obstacle,
based on the distance information output from the obstacle
sensor and the model stored in the model storage unit.

3. The autonomous mobile body according to claim 2,

the obstacle sensor outputting the distance information

indicating the distance from the autonomous mobile
body to the obstacle for each directional angle at a plu-
rality of heights, and

the model storage unit storing a plurality of the models

according to height.

4. The autonomous mobile body according to claim 3, the
movement mechanism having three or more drive wheels
cach provided, on a perimeter thereot, with a roller configured
to rotate 1n a direction parallel to a wheel axis, and the three or
more drive wheels including a drive wheel having a different
wheel axis direction.

5. The autonomous mobile body according to claim 2, the
movement mechanism having three or more drive wheels
cach provided, on a perimeter thereot, with a roller configured
to rotate 1n a direction parallel to a wheel axis, and the three or
more drive wheels including a drive wheel having a different
wheel axis direction.

6. The autonomous mobile body according to claim 1,

the obstacle sensor outputting the distance information

indicating the distance from the autonomous mobile
body to the obstacle for each directional angle at a plu-
rality of heights, and

the model storage umt storing a plurality of the models

according to height.

7. The autonomous mobile body according to claim 6,
comprising the platform vehicle and an upper part supported
by the platform vehicle and having a movable part, and
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the model storage unit changing the amisotropic model at
the height corresponding to the upper part, according to
deformation of the upper part.

8. The autonomous mobile body according to claim 7, the
movement mechanism having three or more drive wheels
cach provided, on a perimeter thereot, with a roller configured
to rotate 1n a direction parallel to a wheel axis, and the three or
more drive wheels including a drive wheel having a different
wheel axis direction.

9. The autonomous mobile body according to claim 6, the
movement mechanism having three or more drive wheels
cach provided, on a perimeter thereot, with aroller configured
to rotate 1n a direction parallel to a wheel axis, and the three or
more drive wheels including a drive wheel having a different
wheel axis direction.

10. The autonomous mobile body according to claim 1, the
movement mechanism having three or more drive wheels
cach provided, on a perimeter thereot, with a roller configured
to rotate 1n a direction parallel to a wheel axis, and the three or
more drive wheels including a drive wheel having a different
wheel axis direction.

11. A method of controlling an autonomous mobile body
having a major axis and a minor axis in plan view to avoid an
obstacle and move autonomously to a goal, the mobile body
having a movement mechanism configured to translate 1n a
horizontal plane and rotate around a vertical axis, the method
causing the mobile body to perform the steps of

deriving a distance to an obstacle for each of predetermined

directional angles using an obstacle sensor;

reading out an anisotropic model, stored 1n a model storage

unit, having two arcs, one at each end 1n the major axis
direction, connected by line segments that lie in the
major axis direction, and containing the autonomous
mobile body; and

driving the movement mechanism with a combination of

translation and rotation using a drive unit, without inter-
ference between the obstacle and the model, based on
distance information output from the obstacle sensor
and the anisotropic model stored 1n the model storage
unit.
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